paired uses of water for drinking, agriculture, industry, and recreation (Carpenter et al., 1998). however, is not always environmentally beneficial. Indissolved reactive phosphorus (DRP), total phosphorus (TP), and P mass distribution in four particle size classes. Total P and DRP loads congruence between the N to P ratio of manure (3:1)
and crop requirement (8:1) has led to excess P applicaconcentrations were unaffected by residue level. Manure application tion when N-based manure application rates are used increased DRP concentrations in spring runoff by two to five times (Daniel et al., 1994) . Repeated manure application in but did not significantly affect DRP loads, since higher concentrations excess of crop P removal has resulted in elevated soil were offset by lower runoff volumes. Spring manure application re-P levels that pose a threat to aquatic ecosystems (Sharpley duced TP loads in spring runoff by 77 to 90% compared with plots et al., 1999; Bundy and Sturgul, 2001 ). Gilley and Risse receiving no manure, with the extent of reductions being greatest at (2000) reported that higher manure loading rates rethe lower residue levels (Ͻ24%). The TP concentration in sediments duced sediment loss; however, high manure P levels can increased as particle size decreased. Manure application increased the offset these reductions and lead to greater P losses on TP concentration of the 0-to 2-m fraction by 79 to 125%, but elevated the 2-to 10-and 10-to 50-m fractions to a lesser extent. a mass basis (Mueller et al., 1984) . One of the more Recent manure additions were most influential in enriching transsignificant effects of manure, particularly when it is surported sediments with P. By itself, higher residue cover achieved by face-applied without any incorporation, is a higher DRP high-cutting silage was often insufficient to lower P losses; however, concentration in runoff (Mueller et al., 1984 ; Eghball the combination of manure application and higher residue levels sigand Gilley, 1999).
nificantly reduced P losses from corn fields harvested for silage.
Since the majority of P is transported attached to small soil particles and organic matter (Alberts and Moldenhauer, 1981; Sharpley et al., 1992) , simply reducing P hosphorus is essential for agricultural production; erosion often may be insufficient to limit P losses and however, its oversupply is of great concern, espetransport. For example, Sharpley et al. (1992) found that cially in areas with high-density livestock operations, even though no-till could reduce TP losses, it increased the due to its tendency to contribute to degradation of water proportion of bioavailable P in runoff, thereby reducing bodies. Agriculture is a significant source of both dispotential benefits of P reductions through erosion control. solved and sediment-bound P delivered to surface water Similarly, management practices that enrich runoff with (USEPA, 2003) . Phosphorus enrichment of surface wafine-grained (clay or colloidal-sized) particles by proter that exceeds a critical threshold of 0.01 mg P L Ϫ1 moting the preferential deposition of coarser sediments (Sharpley and Rekolainen, 1997) can lead to nuisance are unlikely to produce substantial P loss reductions. algal and aquatic weed growth, a condition referred to Small aggregates, and the primary clay particles that conas eutrophication. Aesthetically displeasing, eutrophicastitute them, have a high specific surface area and greater P tion also degrades aquatic ecosystems and leads to imsorption potential than sand or silt (Young and Onstad, 1976) . Consequently, clay and silt fractions have higher J.D. Grande, K.G. Karthikeyan, and P.S. Miller, Biological Systems TP concentrations than the coarser fractions of soil and Engineering Department, 460 Henry Mall, University of Wisconsin, they resist settling and remain in suspension as long as water is moving (Gabriels and Moldenhauer, 1978) . Changes in livestock farm dynamics and more favorable economics compared with alfalfa have resulted in increasing use of corn silage. Klemme (1998) reported a net advantage of $100 acre Ϫ1 ($250 ha
Ϫ1
) for growing corn silage rather than alfalfa, due primarily to the difference in dry matter yield. A 15% increase in land use for corn silage production in Wisconsin from 1994 (Battaglia, 1999 and a survey of nutritional consultants (Shaver, 2000) strongly support this trend. Also, land used for corn silage in Wisconsin has increased an additional 20% since 1998 (USDA, 2004) . Since the extent of residue cover influences runoff production and production may affect P export from croplands.
Crop residue cover can be an important component losses (Grande et al., 2005) , and this article will focus of management practices aimed at reducing the off-site on P losses. Our specific objectives included examining migration of nutrients from agricultural lands. Phosphothe effect of residue cover on (i) runoff DRP and TP rus is transported in soluble and particulate forms; howconcentrations and loads, (ii) P partitioning among four ever, a majority of P (75-95%) lost from row-crop agriparticle size classes, and (iii) P enrichment of sediments. culture is associated with sediments (Daniel et al., 1994) .
Two different seasons were compared, fall (after harCompared with cleanly tilled, residue-free conditions, vesting) and spring (before planting), to determine the corn residue cover even at a 20% surface coverage level effectiveness of increasing silage cutting height in reduchas reduced erosion by up to 50% under a variety of ing P losses from no-till cropland. tillage practices (Dickey et al., 1984) . Crop residue insulates the soil surface from raindrop impact, thereby re-MATERIALS AND METHODS ducing soil particle detachment. Crop residue also inhibits the development of a surface seal by minimizing soil previously grown in corn under no-till conditions. The experiIncreasing the silage cutting height at harvesting would mental layout consisted of a completely randomized design enable producers to harvest silage while maintaining a with two independent blocks (Fig. 1) . Rainfall experiments greater level of soil surface residue cover. On-going were replicated twice (two independent microplots within a research in Wisconsin and other states shows that imblock; see Fig. 1 ) for every treatment (three residue ϫ three proved silage quality concomitant with increased milk manure application timing combinations) and data from quaproduction can be obtained when the cutting height is druplicates were pooled for the statistical analysis. Steel frames inserted to a soil depth of 7.5 cm delineated 36 miraised from the conventional height (10-15 cm) to 45 cm croplots measuring 2.0 ϫ 1.5 m. New microplots (four per or higher (Curran and Posch, 2000; Neylon and Kung, treatment) were established for each of the four rainfall simu-2003). Greater residue cover associated with increasing lation periods. Further details on the experimental layout and silage cutting height could reduce water quality degradasimulated rainfall protocol can be found in Grande et al. tion that would otherwise result from harvesting corn (2005 (Morrison et al., 1996) . Each residue level was also rare. Some earlier research investigated the impact of subjected to one of three manure timing treatments: no maresidue on P mass distributions in different size classes of eroded sediments (Alberts and Moldenhauer, 1981;  Percentage of soil surface covered † Alberts et al., 1981) ; however, there is little published literature on the impact of manure application on these factors. Therefore, the major goal of this study was to evaluate potential environmental benefits associated with % higher crop residue cover achieved by high-cutting silage. harvesting methods, namely, corn-grain (G), high-cut ‡ Numbers in each column followed by the same letter are not significantly silage (SH), and conventional silage (SL) was also invesdifferent at the 0.05 probability level; statistical differences are based on the means and standard deviations shown.
tigated. We previously reported on runoff and sediment nure added, or dairy manure (90% water content with sawdust equal variances between groups, important assumptions of ANOVA (Helsel and Hirsch, 2002) . Also, runoff and sediment bedding) was surface-applied at a rate of 106 Mg ha Ϫ1 using a Calumet spreader (Imperial Industries, Wausau, WI) in the data presented in our companion paper (Grande et al., 2005) used this nonparametric approach, which was preferred in this spring (S) or preceding fall (F). Manure was applied in November 2001 and 2002 and April 2002 and 2003 to achieve a desired study as well due to the dependence of DRP and TP loads on runoff volume. Nonlinear exponential models were used P loading rate of 50 kg P ha Ϫ1 . Actual loading rates ranged from 55 to 62 kg P ha Ϫ1 (538-605 mg P kg
).
to fit the data in Fig. 2 addition. Soil Bray-1 P and TP data are shown in Table 2. sample (DRP) and a 3.8-L unfiltered sample (TP). Water for Few differences were observed in Bray-1 P and TP among rainfall simulations came from a ground water well at the residue level and manure treatments within each of the AARS and had average pH, electrical conductivity, total disfour seasons.
solved solids, and TP of 8.1, 669 S cm Ϫ1 , 428 mg L Ϫ1 , and Ͻ0.01 mg P L Ϫ1 , respectively.
Seasonal and inter-annual differences in antecedent
Before each rainfall simulation, residue cover was measured, soil water conditions before the rainfall experiments litter. Similarly, Kleinman and Sharpley (2003) reported tions we observed in the fall compared with the spring season. a negative correlation between DRP concentration in runoff and number of days since application of dairy Few statistically significant differences were observed in fall runoff among the manure treatments (Table 3) ) from no-till pared with runoff from analogous no-manure plots, 0.08 to 0.11 mg P L
Ϫ1
. Higher DRP concentrations observed plots receiving dairy manure in spring. Kleinman and Sharpley (2003) attributed the temporal change in DRP in Year II compared with Year I, especially in spring runoff (Table 3) , were likely attributable to lower than concentrations to the removal of labile P by preceding runoff events and P sorption by soil colloids that would normal precipitation in (Grande, 2004 , which could have limited translocation of P. For the period reduce the P concentration in the soil solution. These factors likely contributed to the lower DRP concentraNovember-April, precipitation amounts in 2002-2003 were 38% lower than in 2001-2002 and 54% below the Fig. 3 ). This was achieved by manure lowering the runoff generated. Manure applied to SH and SL plots lowered 30-yr average.
spring runoff by 71 to 88% compared with plots receivCrop residue levels had a negligible impact on DRP ing no manure, but had no significant effect on G plots concentrations in runoff. Significant differences were due to the high residue level, which alone was sufficient only observed in fall 2003 (Table 3) . Others have reto reduce runoff amounts. More information on the ported that P leaching from crop residue remaining on effect of manure on runoff volume can be found in the soil surface under conservation tillage and failure to Grande et al. (2005) . Figure 4 shows the influence of incorporate fertilizer (Baker and Laflen, 1982;  McDowell time since manure application on increasing the runoff and McGregor, 1984) can result in higher DRP levels volume but not lowering the DRP load. For example, in runoff. Andraski et al. (1985) found no significant spring runoff shortly after spring manure application correlation between residue cover and dissolved P conresulted in the least runoff while the no-manure (both centration in runoff. The current study also found no spring and fall runoff) treatment had the highest runoff evidence that crop residue was a source of dissolved P.
amounts. Increases in runoff with time were concomiWhen no manure was applied, the relationship between tant with reductions in DRP concentrations and, hence, DRP and percent residue cover (Fig. 2) was not signifi-DRP loads were similar among the manure treatments cant (p ϭ 0.16). Interestingly, after either spring or fall (Fig. 3) . In both spring and fall 2002, DRP loads from manure application, DRP concentration and percent the F and S plots were not significantly different from residue cover were negatively correlated (p Յ 0.05). The N plots at similar residue levels (Table 4 ). In 2003, the statistical models for the spring and fall applied manure DRP load in spring runoff was lower from SH-F comdescribed in Fig. 2 were similar over the entire range pared with SH-S while the converse held for fall runoff. of residue coverage.
Otherwise, manure application did not significantly affect the DRP loads for the other manure treatments at Dissolved Reactive Phosphorus: Load similar residue levels. Although DRP concentrations in runoff were higher Residue cover influenced the DRP load to a greater following the application of manure, manure had a negextent than manure application. Dissolved reactive P ligible effect on DRP loads, resulting in similar loads losses were inversely related to percent residue cover (Fig. 3) . Combined data from both spring and fall runoff compared with plots receiving no manure (Table 4 and were used to generate the plots and relationships in cient to significantly reduce DRP loads, but the com- Fig. 3 . While the statistical models for the three treatbined effects of higher residue cover and manure addiments are significant, the differences between them are tion caused significant differences to be observed among not. The grain treatment significantly lowered DRP loads the treatment combinations. in fall runoff compared with SL under the three manure regimes; however, within a manure treatment, the higher
Total Phosphorus: Concentration residue level associated with G did not consistently
Few statistically significant differences were observed lower DRP loads in spring runoff compared with SL for the influence of manure and residue cover on TP (Table 4) . Dissolved reactive P loads were also lower concentrations in runoff (Table 5 ). Any differences seen for G compared with SH in spring 2003 following spring were imparted by spring-applied manure; however, the manure application and in fall 2003 after manure appliimpact was not consistent from season to season or year cation the previous fall (Table 4) . Differences between to year. In 2002, spring-applied manure on G plots (i.e., SH and SL were significant only in fall 2002 and only G-S) resulted in TP concentrations in fall runoff that when manure had been previously applied: DRP loads were 70% lower than from SL-S plots, and TP levels in from SH plots were 85 to 87% lower than SL plots. As spring runoff from G-S that were 74% below those these examples show, the differences in residue cover levels alone (i.e., G vs. SH; SH vs. SL) were often insuffiobtained for SH-F plots. In 2003, spring-applied manure on G plots reduced the TP level in spring runoff comTotal Phosphorus: Load pared with G plots that received no manure. Otherwise, Residue cover strongly influenced TP losses, espe-TP concentrations were similar among the nine treatcially in the fall when residue levels were at their highest ments. High variability between replicates (Table 5) ( Table 1) . Under all three manure treatments, the TP resulted in the inability to detect differences among treatload in fall runoff from G plots was lowered by Ͼ94% ment groups. compared with runoff from SL plots. Total P losses in The effect of manure addition on TP concentrations in runoff from G plots with a similar manure treatment runoff mirrored its influence on sediment concentration:
were also lower than SH-N plots in fall 2002 and SH-F manure lowered the amount of sediment in runoff and, plots in fall 2003 (Table 6 ). Fewer differences between hence, the TP concentration. A strong relationship beresidue treatments were noticed in spring runoff. In tween sediment (SED conc ) and TP concentrations (TP conc ϭ 2002, the higher residue on G plots reduced the TP load 0.50 ϫ SED conc ϩ 0.42; r 2 ϭ 0.88) existed because P losses in spring runoff more than 90% compared with either from row crop agriculture are dominated by sedimentsilage treatment under the fall-applied or no-manure bound forms (Sharpley et al., 1999) . Manure reduced conditions. Interestingly, no significant differences in TP (and sediment) levels immediately after being ap-TP losses were observed among the G, SH, and SL plots plied, and the influence diminished with time. A drier in spring 2003. This observation likely reflects relatively than normal year, as in (Grande, 2004 , may prolow residue levels (Table 1) , whose magnitudes may long the beneficial effects of manure addition for TP have been too small to produce treatment differences, (opposite effect observed for DRP levels), resulting in or the high variability among replicates. Differences in sediment/TP reductions to be observed for a longer time the TP load between SH and SL plots were only ob-(i.e., in both spring and fall runoff). served in fall 2002, when the TP load from SH plots Residue level had a limited impact on TP concentrawas 84 to 87% lower than similarly manured SL plots. tions in runoff. The only statistically significant differOthers have found that management practices that reence between the crop residue levels occurred in fall turn higher levels of corn residue to the surface lower 2002, when TP was 70% lower from G-S compared with sediment and, consequently, TP loads in runoff (Andraski SL-S (Table 5) . Weak relationships existed between peret al., 1985; Andraski et al., 2003) . cent residue cover and TP concentration (R 2 ϭ 0.34-Manure application and timing also strongly impacted 0.68), and the trends were similar to those observed for DRP concentration (shown in Fig. 2) . TP loads; however, their effects were greatest in the spring when the time interval between application and tions in the TP load; however, increased residue in combination with manure application surpassed a residue rainfall experiments was the shortest. In 2002, springapplied manure lowered TP loads from SH and SL plots level threshold above which the differences between SH and SL were detectable. by 87 to 90% compared with plots not receiving manure but at a similar residue level. In 2003, TP loads in spring
Dissolved vs. Particulate Phosphorus Losses
runoff were 77 to 88% lower from G and SL plots following spring manure application and 88% lower from SH Phosphorus losses in runoff occur in both dissolved plots that received fall manure compared with plots and particulate (PP) (sediment-bound) forms; however, not receiving manure. The beneficial effect of manure a majority of P losses from tilled land is associated with addition on TP loads was not evident in fall runoff sediments. This latter point is supported by the strong (Table 6 ) and was probably masked by residue levels, relationship between sediment (SED load ) and TP loads which were the highest for all treatments in the fall right (TP load ϭ 0.54 ϫ SED load ϩ 1.96; r 2 ϭ 0.98). Compiling after harvest. Our results agree with the findings of data from small-plot studies, Andraski and Bundy Bundy et al. (2001) who reported that unincorporated (2003) reported that an average of 86% of TP losses manure added to no-till plots lowered TP losses by infrom row crop production systems was in the sedimentcreasing infiltration and lowering sediment losses.
bound form. The current study found that 92% of P Figure 5 shows the inverse relationship between the lost in runoff from plots not receiving manure was PP TP load in runoff and percent residue cover, but more (PP was determined as the difference between TP and importantly it highlights the impact of manure on this DRP; for plots receiving no manure, DRP and total relationship. Statistical models for the spring and fall dissolved P levels were nearly identical), and recent applied manure treatments were similar over the entire manure additions increased the DRP fraction of TP residue cover range. Below 20 to 24% residue cover, (Fig. 6) . The DRP fraction in spring runoff from G-S, differences between the no-manure and fall-spring manure models were significant. Above this range, the 95% confidence intervals overlapped as all treatments converged to 0 TP load. Interestingly, below a residue cover of 24%, the presence of manure had a pronounced effect on reducing (up to 76%) the TP load in runoff. For example, at 5% residue cover, the addition of manure lowered the TP load by an amount equivalent to the no-manure plot with 20 to 27% residue cover.
Although TP loads in runoff from SH-N and SL-N were not significantly different in any of the four seasons, manure applied to SH plots reduced the TP load compared with SL-N. Spring-applied manure impacted level differences alone were insufficient to cause reduc- SH-S, and SL-S plots was 4 to 11 times higher than in aggregation of clay-sized particles facilitated by manure addition. runoff from plots with similar residue levels but receiving no manure. The higher DRP fraction (39-73% comSediment TP concentrations were highest in the smallest measured particle size. The highest average P concentrapared with 5-15% of TP) underscores that surfaceapplied manure is a significant source of soluble P, which tions were in the 2-to 10-and 0-to 2-m size classes, 1225 and 1215 mg P kg
Ϫ1
, respectively. These levels comin turn increases the relative contribution of DRP to TP losses. Fall-applied manure also increased the dispare with 667 mg P kg Ϫ1 for 50-to 500-m particles and 774 mg P kg Ϫ1 for 10-to 50-m particles. Sediment TP solved P fraction in spring runoff; however, the effect was limited to G-F (6ϫ) and SL-F (5.5ϫ) plots in 2003 concentrations were also consistently higher in spring 2003 compared with fall 2002 (data not shown). Otherwise, and G-F (4ϫ) plots in 2002 (Fig. 6) . The DRP fraction of TP losses in fall runoff was generally unaffected by seasonal differences were not statistically significant. Few studies have examined the P concentration of manure application. In 2003, spring-applied manure increased the DRP fraction in runoff from SL-S by nearly eroded sediments (Alberts et al., 1981; Alberts and Moldenhauer, 1981) and they had larger plot areas where sixfold compared with SL-N. Otherwise, treatment differences in fall runoff were not significant. Recent masediment transport could have been dominated by rill erosion. Most sediment was transported by interrill flow nure additions had the most significant effect on P partitioning while residue cover apparently had no effect.
in the current study. This distinction between interrill and rill erosion is important because higher runoff velocity associated with rill flow has greater transport capac-
Phosphorus Concentration by
ity than slower-moving interrill flow, and this can shift Sediment Size Class the particle size distribution of eroded sediment. Alberts Total P concentrations in sediments from the four size and Moldenhauer (1981) reported that 8 to 40% of classes (Table 7) were influenced by manure application eroded sediments were Ͼ500 m, while the current and timing but were not affected by differences in crop study generally found Ͻ1% in that range (Grande et residue cover. Spring-applied manure exerted a signifial., 2005) . Alberts and Moldenhauer (1981) also found cant effect on sediment P levels. Compared with sedithat the highest P concentrations were in the 50-to 210-ments from plots receiving no manure, TP concentram fraction and greater residue cover lowered the P tions in the 0-to 2-m fraction were 79 to 125% higher concentration of sediments in each size class by 15 to while sediments in the 2-to 10-and 10-to 50-m classes 20%. In the current study, crop residue level did not increased by 32 to 57% following spring manure applicasignificantly affect the P concentration within a size class tion. Manure did not significantly affect the P concentraand P levels increased from coarse (50-500 and 10-50 tion in the 50-to 500-m fraction. Although sediments m) to fine (2-10 and 0-2 m) sized particles indepenfrom no-manure plots had significantly lower TP levels dent of residue level. Our results also show that manure, than those from plots with spring manure, plots receivparticularly when applied in spring, could have a domiing fall manure or no manure yielded sediments with nant effect in increasing sediment TP concentrations. similar P levels (Table 7) .
Manure represents a valuable source of P for agricul-
Phosphorus Partitioning Among
tural crops. After manure is applied, the various P forms
Sediment Size Classes
interact with soil over time and some P is sorbed to soil particles, particularly to clays that have a greater specific Figure 7 illustrates the P partitioning on a mass basis among the four sediment size classes for which TP was surface area and higher sorption capacity (Young and Onstad, 1976) . The substantial increase in the TP levels determined. It shows that the majority of P (45-71%) was associated with the silt-sized fractions (2-10 and of 0-to 2-m particles could have resulted from sorption processes. Similarly, increases in the TP content of the 10-50 m) and that manure applied in the spring shifted a considerable portion of P from the 10-to 50-m to silt-sized fractions (10-50 and 2-10 m) may reflect the the 0-to 2-m fraction. It is worth noting that the genHowever, residue level had a strong influence on both the DRP and TP loads, particularly in fall when the eral trends for the P partitioning follow the same patterns as the particle size distribution previously reported percent residue cover was at its highest. Phosphorus losses were inversely related to percent residue cover. (Grande et al., 2005) . No known studies have examined P partitioning among sediment size classes following the Higher residue cover resulted in less runoff and consequently lower DRP and TP loads. Both DRP and TP application of manure.
loads were significantly lower from G compared with SL. Differences in residue cover between SH and SL
Phosphorus Enrichment Ratios
alone were often insufficient to reduce P losses; howPhosphorus enrichment ratios (PER), shown in Fig. 8 , ever, increased residue in combination with manure adwhich compare the P concentration in sediment to that dition helped surpass a residue level threshold above of the parent soil from which runoff was collected, were which differences between SH and SL could be decalculated for all residue-manure treatment combinatected. Finally, TP concentrations of sediments in the tions. The PER values were always greater than 1, attribfour particle size classes and the P enrichment ratio of utable to selectivity in the sediment detachment-transport sediments were not affected by residue cover level. process leading to movement of more finer-sized particles Manure application strongly influenced the DRP conin interrill flow. The PER for sediments transported in centration in runoff but had no effect on the DRP loads. spring runoff averaged 1.62 Ϯ 0.39 (N ϭ 65) and ranged Reductions in runoff volume resulting from manure adfrom 1.00 to 2.48 while fall sediments had a lower ratio, dition compensated for a higher DRP concentration 1.42 Ϯ 0.16 (N ϭ 34), and narrower range, 1.21 to 1.78 thereby resulting in no difference in DRP loads com- (Fig. 8) . Importantly, P enrichment of spring sediments pared with no manure application. Dissolved reactive was enhanced by manure application and timing but was not influenced by residue level. Spring sediments from plots with recently applied spring manure had a significantly higher average PER (2.09) compared with plots receiving fall-applied (1.61) or no manure (1.31). The P enrichment phenomenon tends to diminish as the fields go through a cropping season or as more time elapses between manure application and runoff generation. Consequently, the PER for fall sediments was generally not affected by either residue level or manure application (Fig. 8) . were the result of a residue level-manure interaction. manure was also found to (i) increase the DRP fraction
